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The auditory-brainstem response (ABR) to short and simple acoustical signals is
an important clinical tool used to diagnose the integrity of the brainstem. The
ABR is also employed to investigate the auditory brainstem in a multitude of
tasks related to hearing, such as processing speech or selectively focusing on
one speaker in a noisy environment. Such research measures the response of
the brainstem to short speech signals such as vowels or words. Because the
voltage signal of the ABR has a tiny amplitude, several hundred to a thousand
repetitions of the acoustic signal are needed to obtain a reliable response. The
large number of repetitions poses a challenge to assessing cognitive functions
due to neural adaptation. Here we show that continuous, non-repetitive speech,
lasting several minutes, may be employed to measure the ABR. Because the
speech is not repeated during the experiment, the precise temporal form of
the ABR cannot be determined. We show, however, that important structural
features of the ABR can nevertheless be inferred. In particular, the brainstem
responds at the fundamental frequency of the speech signal, and this response
is modulated by the envelope of the voiced parts of speech. We accordingly
introduce a novel measure that assesses the ABR as modulated by the speech
envelope, at the fundamental frequency of speech and at the characteristic
latency of the response. This measure has a high signal-to-noise ratio and can
hence be employed effectively to measure the ABR to continuous speech. We
use this novel measure to show that the ABR is weaker to intelligible speech
than to unintelligible, time-reversed speech. The methods presented here can be
employed for further research on speech processing in the auditory brainstem
and can lead to the development of future clinical diagnosis of brainstem
function.
Keywords: auditory brainstem response (ABR), speech processing, fundamental frequency, speech envelope,
hearing
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INTRODUCTION
The auditory-brainstem response (ABR) is an evoked potential
generated from the auditory brainstem nuclei in response
to auditory stimuli. Because the ABR can be measured
noninvasively through scalp electrodes, it is widely used in
both research and clinical settings to probe subcortical acoustic
processing (Hood, 1998; Hall, 2007). Since the discovery of
the ABR in 1970 by Jewett et al. (1970), a wealth of studies
have investigated how the auditory brainstem processes a
variety of acoustic signals. Such studies have mostly measured
the ABR in response to simple stimuli such as clicks or
pure tones. In particular, the auditory brainstem can exhibit
a frequency-following response to the periodicity of a pure
tone (Galbraith, 1994; Galbraith et al., 1995). The frequency-
following response has a striking similarity to the eliciting
periodic stimulus in both the temporal and the spectral domain.
It presumably represents the phase-locked activity of neurons in
the rostral brainstem, predominantly in the inferior colliculus,
lateral lemniscus, and cochlear nucleus (Smith et al., 1975;
Sohmer et al., 1977; Chandrasekaran and Kraus, 2010; Du et al.,
2011).
Speech evokes a complex ABR that encodes many aspects of
the complicated acoustic stimulus. A pioneering study in 1980
showed that formants are encoded in the speech-evoked ABR
(Greenberg, 1980). Since then, a diverse set of speech stimuli,
including Mandarin syllables, words such as ‘‘lily,’’ ‘‘apple,’’
and ‘‘piano,’’ consonant-vowel sounds, and short sentences
have been used to elicit ABRs (Krishnan et al., 2004; Russo
et al., 2004; Aiken and Picton, 2006; Parbery-Clark et al., 2009;
Skoe and Kraus, 2010; Choi et al., 2013). Galbraith et al.
(1995) demonstrated that the speech-evoked ABR resembles
the eliciting stimulus so closely that it can be understood
quite accurately by naïve participants when played to them as
sound. It has further been demonstrated that the speech-evoked
ABR can be affected significantly by aspects of the acoustic
presentation, such as the level of environmental noise or whether
the stimulation is monaural, dichotic, or diotic (Galbraith et al.,
1998; Anderson and Kraus, 2010; Li and Jeng, 2011).
Important questions remain, however, regarding the role
of the auditory brainstem in speech processing. Extensive
efferent neural pathways project from higher areas of the
auditory system such as the auditory cortex back to different
areas of auditory brainstem, including the inferior colliculus
and the cochlear nuclei. These connections suggest that the
brainstem can play a role in high-level aspects of speech
processing (Diamond et al., 1969; Weedman and Ryugo, 1996;
Mulders and Robertson, 2000; Du et al., 2011; Barbas et al.,
2013). Training in languages or in music can affect the
subcortical processing of speech asmeasured through the speech-
evoked ABR (Musacchia et al., 2007; Hornickel et al., 2012).
Furthermore, short, repeated intelligible speech stimuli elicit a
larger ABR than reversed, unintelligible speech (Galbraith et al.,
2004). However, whether and how the ABR is modulated by
higher cognitive functions such as attention and comprehension
remains debated. Some researchers have measured a different
latency of the peak response to click stimuli during attention to
an auditory stimulus as opposed to other sounds (Brix, 1984;
Ikeda et al., 2010), but other studies have found no significant
difference (Collet and Duclaux, 1986; Connolly et al., 1989).
Although the effect is small, the amplitude of the frequency-
following response may be modulated by attention to pure tones
(Galbraith and Doan, 1995; Galbraith et al., 2003). Attending
to single vowels yields differences in the amplitude of the
brainstem’s response, but the results are inconsistent between
subjects (Lehmann and Schönwiesner, 2014). A reason for these
dissonant findings may be the brevity of the signals employed,
on the order of tens of milliseconds. Measuring the ABR
requires several hundred to a thousand repetitions of the same
stimuli, potentially allowing for neural adaptation and reducing
the effect of efferent feedback (Lasky, 1997; Neupane et al.,
2014).
Here we endeavored to measure the response of the auditory
brainstem to continuous speech. To avoid potential adaptive
affects to the stimulus we presented a non-repeating speech
signal. We thus faced an important technical challenge: the ABR
is of the order of microvolts and thus much smaller than the
background electrical activity contributed by the cortex. Because
we sought not to repeat the stimulus, we could not average
the ABR over multiple repetitions and consequently could not
establish the precise temporal waveform of the ABR. Instead we
employed advanced data analytics to obtain meaningful features
of the ABR from the recordings.
Two important structural aspects of speech are promising in
order to extract meaningful features of the ABR to continuous
speech. First, every human voice has a distinct spectral structure:
when a person speaks, the vocal folds open and close at a
fundamental frequency that typically lies between 150 Hz and
250 Hz for a woman or between 100 Hz and 200 Hz for a
man. Most of the spectrum of speech accordingly lies within
distinct frequency bands, namely at the fundamental frequency
and its more than 10 lowest harmonics (Figure 1A). The ABR
to speech tracks this spectral structure: an amplitude spectrum
of the response shows peaks at the fundamental frequency as
well as its harmonics (Skoe and Kraus, 2010; Jeng et al., 2011).
Although this response shows similarities to the frequency-
following response to pure tones, a major difference exists. The
speech-evoked ABR at the fundamental frequency is evoked
not only by the fundamental frequency itself, but also by the
harmonics in the speech signal. Indeed, the auditory brainstem
exhibits a response at the fundamental frequency even when
that frequency itself has been removed from the stimulus
(Galbraith, 1994; Galbraith and Doan, 1995).
Second, the envelope of continuous speech traces important
building blocks of speech, namely phonemes, syllables, and
words. Cortical oscillations, especially in the delta and theta
frequency bands, can entrain to the envelope of speech (Ding
and Simon, 2012; Power et al., 2012; Horton et al., 2013;
Peelle et al., 2013; Zion Golumbic et al., 2013). This neural
entrainment is modulated by higher cognitive functions: it is
stronger for an attended speech stream than for an unattended
one (Horton et al., 2013) and may be larger for intelligible than
for unintelligible speech (Peelle et al., 2013; Ding and Simon,
2014; Ding et al., 2014). The entrainment of cortical oscillations
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FIGURE 1 | Properties of natural and monotone speech. (A) The spectrogram of a sample of natural speech shows that the energy concentrates at the
fundamental frequency that typically lies between 100 Hz and 300 Hz and the corresponding harmonics. The fundamental frequency of speech and the harmonics
vary in time. (B) Monotone speech has been modified to maintain constant frequencies of the fundamental and its harmonics. (C) The experiments employed
monotone speech that was high-pass filtered at 300 Hz. The power spectrum reveals that the fundamental frequency, f0 = 89 Hz in this example, and its first two
harmonics were absent from the speech sample.
to the speech envelope may accordingly represent a neural
mechanism for speech processing (Giraud and Poeppel, 2012).
Here we show that the fundamental frequency and the
envelope of speech can be employed effectively to measure
the ABR to continuous, non-repetitive speech. In particular,
the brainstem responds to the fundamental frequency of
a continuous, non-repetitive speech stream, the response is
modulated by the envelope, and the envelope’s modulation
greatly increases the signal-to-noise ratio of the ABR. Because
continuous speech has a fundamental frequency that varies over
time and thus hinders an assessment of the ABR (Figure 1A),
we have used the computer-linguistic program Praat to convert
natural speech into monotone speech in which the fundamental
frequency and its higher harmonics remain constant throughout
the speech stream (Figure 1B; Boersma, 2002; Deroche and
Culling, 2011). This monotone speech is easily intelligible and
complex enough to elicit sustained attention from human
subjects. We then employ the developed method to investigate




Ten adult volunteers between 19 and 33 years of age participated
in the experiments. All subjects had normal hearing and normal
or corrected-to-normal vision and had no history of hearing
or neurological impairments. All experimental methods were
approved by the Imperial College Research Ethics Committee.
All experiments were performed in accordance with relevant
guidelines and regulations and every subject provided written
informed consent prior to the experimental session.
Monotone Speech Stimuli
Speech samples were obtained from publicly available
audiobooks and were converted to monotone speech through the
pitch-synchronous overlap-add (PSOLA) approach (Moulines
and Charpentier, 1990) with the computer-linguistic software
Praat (Boersma, 2002). The fundamental frequency of the
speaker was set to 89 Hz. To prevent stimulus artifacts, every
speech stimulus was high-pass filtered at three times the
fundamental frequency of the speaker and thus did not contain
the fundamental frequency and the first two harmonics. Reversed
speech was created by temporally inverting a speech stimulus.
Each speech stimulus lasted 3 min.
Experimental Design
The experiment assessed whether the ABR provides information
about speech processing by comparing responses to forward and
to reversed speech. Each subject listened to both a forward and a
reversed 3-min continuous speech stream. The order of the two
speech streams was chosen randomly for every subject.
Auditory-Brainstem Recordings
All recordings for the study were completed during a 3-week
period. During each session subjects sat in a comfortable chair
in a quiet room. Speech stimuli were presented to the subjects
through custom electrically shielded earphones (hf5, Etymotic,
USA) at a comfortable level of 70 dB SPL. Sound intensity
was calibrated with a microphone (ECM8000, Behringer,
Germany).
We measured responses from the auditory brainstem through
active Ag/AgCl electrodes and a passive ground electrode
(g.LADYbird and g.LADYbirdGND, Guger Technologies,
Austria). The active electrodes were positioned at the cranial
vertex (Cz) and on both mastoid processes. The passive
ground electrode was placed on the central forehead (Lehmann
and Schönwiesner, 2014). The impedance between each
electrode and the scalp was measured (g.Zcheck, Guger
Technologies, Austria) and confirmed to be below 5 kΩ. A
bipolar amplifier (g.BSamp, Guger Technologies, Austria)
enhanced the differences between the voltage signals at the
mastoids and that at the vertex by a factor of 10,000 and
band-pass filtered them between 0.1 Hz and 1 kHz. The
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analog voltage signals were digitized at a sampling frequency
of 8 kHz with a data-acquisition card NI PCI 6221 (National
Instruments, USA) and a custom-written Matlab program
(MathWorks, USA). The Matlab program also presented
speech signals to the subjects at a sampling frequency of
44.1 kHz through the computer’s internal sound card. The
speech signals were time-locked to the electroencephalographic




We first determined the significance of the brainstem’s response
at the fundamental frequency by comparing it to the signal at
neighboring frequencies. To quantify the latter signal, which
constitutes the noise floor, we used Matlab to compute the
average and the standard deviation of the Fourier amplitudes
from 2 Hz below the fundamental frequency to 2 Hz above
it, excluding the response at the fundamental frequency. We
then considered the response at the fundamental frequency
to be significant if its amplitude was at least three standard
deviations above the mean response at the neighboring
frequencies. We found that all responses were significant,
and verified that the width of the frequency interval that
was used to compute the noise floor did not impact this
result.
We were then interested in the response of the auditory
brainstem to continuous speech at the fundamental frequency,
as well as in the modulation and correlation with the speech
envelope. We thus employed four different methods to analyze
the speech-evoked ABR. The methods were implemented using
custom-written Matlab programs.
In the first method, we assessed the Fourier amplitude of
the ABR at the fundamental frequency. The ABR is measured
through surface electrodes that record a voltage signal V(t) from
a starting time t = 0 to a final time te. The analog signal is then
sampled at a sampling frequency Fs and thus transformed to a
discrete signal {Vn}N−1n= 0 with N = teFs . The discrete Fourier





Vne−2pi ikn/N , k = 0, 1, . . . ,N − 1 (1)
Because the temporal voltage signal is real, the complex Fourier
coefficients V˜k fulfill the relation V˜k = V˜∗N−k and the magnitude
|V˜k| + |V˜N−k| = 2|V˜k| is the Fourier amplitude of the periodic
component at frequency f = k/te.
To determine the signal-to-noise ratio of the amplitude at
the fundamental frequency, the voltage time series was divided
into segments of 3 s duration. For each segment the Fourier
component at the fundamental frequency was determined, and
the responses from the left and the right brainstem were
averaged. From the Fourier components of the segments we
then computed the mean amplitude and standard deviation.
The signal-to-noise ratio followed as the ratio of the mean
amplitude to the standard deviation, that is, as the reciprocal
of the coefficient of variation (Bushberg and Boone, 2011). We
computed the signal-to-noise ratio for each subject’s ABR and
from that obtained the population mean and its standard error
for the signal-to-noise ratio.
As a second method, we determined the envelope-modulated
ABR at the fundamental frequency. We first extracted the
envelope of the speech signal s(t) through the Hilbert
transformation,






s(t + τ)− s(t—τ)
τ
dτ . (2)
The speech envelope was obtained from the Hilbert transform by
low-pass filtering at 30 Hz.
We then determined the voiced and voiceless components of
the speech stream and their envelopes. The speech signal was
divided into segments of 40 ms duration using Hann windows,
and we computed the average speech envelope for each segment.
We computed the power cepstrum for each segment,
power cepstrum = ∣∣F−1 (log {|F[s(t)]|2})∣∣2 , (3)
in which F denotes the Fourier transform (Benesty et al.,
2008). We determined the amplitude at the quefrency that
corresponded to the fundamental frequency of the speaker.
If this amplitude was significantly higher than the average of
the 10 neighboring quefrencies, or if the amplitude of the
segment’s speech envelope exceeded a minimum threshold level,
we considered that segment to correspond to the voiced part of
speech, and otherwise to voiceless speech. For constructing the
envelope of the voiced parts of speech, we kept the envelopes
of all voiced segments but ignored those of voiceless segments.
The envelope of the voiceless parts of speech was obtained
analogously.
To compute the envelope-modulated ABR at the fundamental
frequency, we downsampled the speech envelopes to the same
sampling frequency as had been employed for the ABR.
{en}N−1n = 0 is the resulting discrete time series of the envelope
for either the whole speech, its voiced parts, or its voiceless
parts. Amplitude modulation of the ABR is then obtained by
shifting the envelope by a temporal delay τ , and hence by an
index l = τFs , with respect to the ABR and by multiplying
both signals. We consider the envelope before the speech
starts, that is, before time t = 0, to be zero. The envelope-
modulated ABR at the fundamental frequency, which we denote
by V˜(env.mod.)(τ ), follows from the Fourier amplitude at the
fundamental frequency:
V˜(env.mod.)k (τ ) =
N−1∑
n = 0
Vnen−le−2pi ikn/N . (4)
The index k is chosen such that it corresponds to the fundamental
frequency f0, that is, f0 = k/te.
We computed the envelope-modulated ABR at the
fundamental frequency by first dividing the ABR signal
and the corresponding speech envelope into 3 s segments. We
then computed the envelope-modulated ABR at the fundamental
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frequency for each segment and for temporal delays from
τ = −300 to τ = 500 ms, and found a peak at the characteristic
delay of about τ = 10 ms. For every segment we thus computed
the peak amplitude as the mean of the envelope-modulated ABR
at delays between τ = 0 and τ = 20 ms. The envelope-modulated
ABR at the fundamental frequency and at the characteristic
latency for an individual recording followed as the mean of these
peak amplitudes across all segments; the standard deviation
across the different segments yielded the variation in the
envelope-modulated ABR. The signal-to-noise ratio followed as
the ratio of the mean to the standard deviation. We computed
this ratio for each subject individually, and then used the
obtained data to determine the population mean and its standard
error.
As a third method, we employed a short-time Fourier
transformation to extract the timecourse of the ABR at the
fundamental frequency, and then determined the correlation
of this timecourse with the speech envelope. For short-time
Fourier transformation, we partitioned the voltage time series
into segments of 80 ms duration through Hann windows and
computed the Fourier transform for each segment. For every
segment we extracted the Fourier amplitude at the fundamental
frequency and thus found the discrete timecourse of the ABR
at that frequency. We denote this discrete time series, with the
mean subtracted and consisting of a number ofM of data points,
by {An}M−1n = 0. We downsampled the speech envelope to have the
same sampling frequency FABR as the timecourse of the ABR at
the fundamental frequency, and subtracted the mean, resulting
in the discrete envelope time series {En}M−1n = 0. We computed
the cross-correlation of the speech envelope, shifted by various
delays corresponding to an index m = τFABR, with the discrete
timecourse of the ABR at the fundamental frequency:





in which σA denotes the standard deviation of the ABR
timecourse {An}M−1n = 0, and σE denotes the standard deviation of
the envelope {En}M−1n = 0. As for the envelope-modulated signal,
the correlation exhibited a peak at a delay of τ = 10 ms. We
extracted the signal-to-noise ratio around the peak from the
temporal correlation from τ = 0 to τ = 20 ms analogously to the
signal-to-noise ratio of the envelope-modulated ABR.
As a fourth method, we used a wavelet transformation to
extract the timecourse of the ABR at the fundamental frequency.
To this end we employed a morlet wavelet as the mother
wavelet at a temporal standard deviation of 16 ms and at
the fundamental frequency. The morlet wavelet was chosen to
capture the oscillatory behavior of the ABR. We then correlated
the obtained timecourse of the ABR to the speech envelope as in
the third method.
Statistical Analysis
To determine the statistical significance of the differences
in the signal-to-noise ratios between the four different
methods for extracting the ABR response—the simple Fourier
transformation, the cross-correlation of the speech envelope
with the timecourse of the ABR at the fundamental frequency
determined either through a short-time Fourier transformation
or through a wavelet transformation, and the envelope-
modulated ABR at the fundamental frequency—we performed
two-sample Student’s t-tests for pairwise comparisons of the
signal-to-noise ratios obtained by these four methods. Although
we employed the Bonferroni correction to account for the six
pairwise comparisons, the level of statistical significance for
each statistical test did not depend on whether this correction
was used.
To assess differences in the ABR to forward and to the
time-reversed speech on the population level, we computed the
envelope-modulated ABR for forward and reverse speech, for
each subject and at a range of delays. We then computed the
mean and standard error of the mean of these responses across
all individuals. To investigate statistical significance, we analyzed
the responses around the peak latency of 10 ms by averaging the
responses at latencies between 0 and 20 ms for each individual
subject, and from that computed the mean and standard error
of the mean across all subjects. We performed a two-sample
Student’s t-test to assess whether the difference in the mean
amplitudes for the forward and the time-reversed conditions was
statistically significant.
To investigate differences in the ABR to forward and reverse
speech on the level of individual subjects, we computed the
envelope-modulated ABR at the fundamental frequency and at
the characteristic latency as described above. We obtained the
mean and the standard error of the mean across all segments.
This gave us an average response as well as a measure of the
variability of the envelope-modulated ABR in an individual
subject. To assess the statistical significance of the difference in
the responses to forward and to reverse speech in an individual
subject, we performed a paired, two-sample Student’s t-test.
The results of the statistical tests are indicated in the figures
through asterisks: no asterisk is given when results are not
significant (p > 0.05), one asterisk when results are significant
(∗0.01 < p < 0.05), two asterisks when significance is high
(∗∗0.001< p< 0.01), and three asterisks when significance is very
high (∗∗∗p< 0.001).
RESULTS
We recorded ABRs from healthy volunteers presented with a
monotone speech stream. To avoid stimulus artifacts we removed
the fundamental frequency and the first two harmonics from
the speech (Figure 1C), thus ensuring that any signal measured
by the electrodes at those frequencies did not result from the
electrical activity of the earphones. We found that the brainstem
exhibited a reliable response at the constant fundamental
frequency and at higher harmonics of the monotone speech
(Figure 2A). Because it was the largest and most informative
regarding speech processing, we focused on the amplitude at
the fundamental frequency. The absence of a response at the
fundamental frequency in control recordings, in which the
earphones were near the ear but not in the ear canal so that
subjects could not hear the speech, confirmed that the measured
ABR at the fundamental frequency was not a stimulus artifact.
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FIGURE 2 | Response of the auditory brainstem to continuous monotone speech. (A) The power spectrum of the auditory-brainstem response (ABR) to
3 min of monotone speech shows a strong response at the fundamental frequency (f0) and at its second harmonic (2f0). (B) A speech waveform (gray) is
characterized by variations on fast and slow time-scales. Slow variations, on the order of 100 ms and above, define the speech envelope (black) that traces distinct
syllables and words. Voiced parts of speech are characterized by a periodicity at the fundamental frequency; voiceless parts lack this periodic structure.
Modulation of the ABR with the Speech
Envelope
Speech includes voiced and voiceless components (Figure 2B).
The voiceless part contains a broad range of frequencies. The
voiced elements result from vowels, among other features,
and exhibit a distinct spectral structure with a fundamental
frequency and many harmonics. Because the ABR to speech
at the fundamental frequency arises from the voiced parts of
the speech, we hypothesized that the timecourse of the ABR at
the fundamental frequency is modulated by the envelope of the
voiced parts of speech.
To investigate the envelope modulation of the ABR, we
multiplied the measured brainstem response by the envelope
of the voiced components of the speech at different temporal
delays. The amplitude of the resulting signal at the fundamental
frequency was then determined through spectral analysis at each
temporal delay; we refer to this signal as the envelope-modulated
ABR at the fundamental frequency. If the ABR at the fundamental
frequency results from the voiced parts of speech, then the
envelope-modulated ABR at that frequency should have a peak
at a characteristic delay that corresponds to the latency between
the speech stimulus and the neural response in the brainstem.
We also computed the modulation of the ABR by the envelope
of the entire speech and by the envelope of the voiceless parts.
The modulation of the ABR by the envelope of the whole speech
signal should yield a peak at the same latency, albeit with a
smaller magnitude. Modulating the ABR by the envelope of the
voiceless components alone should not produce a peak, for these
speech components do not yield an ABR at the fundamental
frequency.
For modulation by the envelope of the entire speech or
by the envelope of the voiced parts we measured a peak in
the envelope-modulated ABR at the fundamental frequency at
a delay of 10 ms (Figure 3A). The peak was larger for the
correlation with the voiced components of the speech than for
that with the whole speech. Modulation by the voiceless parts
of the speech yielded a negative peak at around 35 ms. These
results indicate that the brainstem response to the fundamental
frequency reflects primarily the voiced components of the speech.
The characteristic latency of the response exceeds those of the
peaks in the standard click-evoked ABR, but corresponds to the
latency observed in the ABR to vowels (Skoe and Kraus, 2010).
Improving the Signal-to-Noise Ratio
Through Modulating or Correlating the
ABR with the Speech Envelope
Modulating the ABR with the voiced speech envelope at the
characteristic delay of 10 ms largely eliminates the periods in a
recording during which the brainstem does not respond at the
fundamental frequency. We thus expected that the modulation
of the ABR with the speech envelope would reduce the noise
in the recordings. To quantify the putative noise reduction,
we computed the signal-to-noise ratio for the amplitude of
the peak in the envelope-modulated ABR at the fundamental
frequency. To obtain an estimate of the inter-subject variability
of the signal-to-noise ratio, we calculated the ratio for each
individual and determined the population mean and its standard
error. We also calculated the signal-to-noise ratio for the
Fourier amplitude of the ABR at the fundamental frequency,
without modulating the signal by the speech envelope, and
determined the population mean and the associated standard
error. We found that, by taking the envelope modulation of
the ABR, we obtained a signal-to-noise ratio of the amplitude
at the fundamental frequency that was more than threefold
as large as when we computed the Fourier amplitude of the
ABR alone (Figure 3C). The difference was highly significant
(p< 0.001).
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FIGURE 3 | Envelope-modulated ABR and cross-correlation of the ABR timecourse to the speech envelope. (A) Modulation of the ABR with the envelope
of the voiced parts of speech (red) as well as with the envelope of the whole speech signal (black) yields a peak at a delay of 10 ms. Envelope modulation of the ABR
with the voiceless parts of speech, however, produces a minimum value at a delay of about 35 ms. (B) The cross-correlation of the timecourse of the ABR at the
fundamental frequency with the voiced parts of speech (red) and the envelope of the entire speech stimulus (black) exhibit likewise a maximum at the delay of 10 ms,
whereas the cross-correlation with the envelope of the voiceless speech components yields a minimum at a delay of 35 ms. (C) The signal-to-noise ratio of the
envelope-modulated ABR at the fundamental frequency, and at the delay of 10 ms, is several fold larger than that obtained by simple Fourier transformation. It also
significantly exceeds the cross-correlation of the speech envelope with the timecourse of the ABR, at the delay of 10 ms, both when the ABR timecourse is extracted
through short-time Fourier transfomation (STFT) and when it is identified by a wavelet transform (∗∗∗ p < 0.001; n.s., not significant).
Another method to determine how the voiced parts of
speech shape the ABR at the fundamental frequency is to
investigate the cross-correlation between the timecourse of the
ABR and the envelope of the voiced parts of speech. This
correlation might also improve the signal-to-noise ratio. We
computed the timecourse of the ABR at the fundamental
frequency by dividing the time series into short time windows
and analyzing the Fourier amplitude at the fundamental
frequency in each window (short-time Fourier transformation).
As another method, we computed the timecourse of the ABR
at the fundamental frequency through a wavelet transform
using the morlet wavelet as the mother wavelet. Each of
these two resulting timecourses was then correlated with
the envelope of the voiced parts of speech. As for the
envelope-modulated ABR at the fundamental frequency, the
cross-correlation exhibited a peak at a delay of 10 ms
(Figure 3B). We then computed the signal-to-noise ratio
of the correlation around the characteristic latency for each
subject, and calculated the corresponding population mean
and its standard error. We found that the differences in the
signal-to-noise ratios that were obtained from the Fourier
amplitude as well as from the correlation values as computed
from the short-time Fourier transformation and the wavelet
transformation were all statistically insignificant (p > 0.05).
The signal-to-noise ratio of the envelope-modulated ABR at
the fundamental frequency and at the characteristic delay
was, however, severalfold larger than the signal-to-noise ratios
obtained using the other methods, and the differences were
highly significant (p < 0.001; Figure 3C). The best signal-
to-noise ratio thus resulted not from cross-correlating the
timecourse of the ABR with the speech envelope, but rather from
modulating the ABR by the speech envelope at the characteristic
delay and then extracting the amplitude at the fundamental
frequency.
Motivated by the substantial increase in the signal-to-noise
ratio of the envelope-modulated ABR at the fundamental
frequency as opposed to a simple Fourier transform of the
ABR, we employed this measure—the envelope-modulated ABR
at the fundamental frequency—to investigate how the ABR to
continuous speech is modulated by speech intelligibility.
Modulation of the ABR by Speech
Intelligibility
We investigated the influence of the intelligibility of continuous,
non-repetitive speech on brainstem activity by presenting
subjects with forward and time-reversed monotone speech.
Although the two stimuli have an identical spectral composition,
only the forward speech is intelligible. Comparison of the
neural responses to the two stimuli has previously been
used to investigate speech comprehension, to diagnose
brain function, and to identify the role of the auditory
brainstem in speech processing (Schiff et al., 2005; Deng
and Srinivasan, 2010; Howard and Poeppel, 2010; Sunami et al.,
2013).
We computed the envelope-modulated ABR at the
fundamental frequency for each subject, and from that the
population mean and its standard error (Figure 4A). We found
that the envelope-modulated ABR to reversed speech exceeded
that to forward speech by about half for every latency. By
computing the mean amplitude at the peak of the envelope-
modulated ABR, we found that the difference was statistically
significant (p< 0.05).
We then investigated whether the responses to forward and
to reverse speech also differed significantly and consistently
at the level of individual subjects. For each individual we
computed the envelope-modulated ABR to forward and time-
reversed speech at the fundamental frequency and at the
characteristic latency. Nine out of 10 subjects had a larger
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FIGURE 4 | Modulation of the ABR by speech intelligibility. (A) The envelope-modulated ABR to unintelligible reverse speech (red) exceeds that to intelligible
forward speech (black) when averaged over all subjects. The envelope-modulated ABR to both speech stimuli is largest around the characteristic delay of 10 ms.
The standard errors of the mean (shaded) that follow from the variability between the subjects are smaller than the difference between the mean responses, and this
difference is statistically significant. (B) For every subject, the response to time-reversed monotone speech (red) exceeds the neural response to forward monotone
speech (black). The difference is statistically significant in the majority of the study participants (∗ 0.01 < p < 0.05; ∗∗ 0.001 < p < 0.01; ∗∗∗ p < 0.001; n.s., not
significant).
envelope-modulated ABR at the fundamental frequency for
reverse than for forward speech (Figure 4B). These differences
were statistically significant in seven of the nine subjects
(p< 0.05). Only one subject showed a larger response to forward
than to reverse speech, but the difference was insignificant
(p> 0.5).
DISCUSSION
Our results demonstrate that important structural features of
the brainstem’s response to continuous speech can be detected
reliably by electrophysiological means. Although we cannot
measure the precise temporal form of the ABR, as is feasible
through repetitive measurements with short acoustic stimuli
such as clicks or vowels, we can extract and quantify structural
features of the ABR that emerge in response to characteristics of
continuous speech.We have found specifically that the brainstem
responds at the fundamental frequency of monotone speech even
when that frequency is absent from the speech stimulus. Our
results additionally demonstrate that the ABR at the fundamental
frequency is modulated by the envelope of the voiced part of
speech and that the timecourse of the ABR is correlated to the
envelope.
The envelope modulation of the ABR can be employed to
reduce significantly the noise in the response at the fundamental
frequency. Whereas a Fourier transform of a 3-min recording
of the ABR to continuous speech yields a signal-to-noise ratio
of only 0.4 for the amplitude at the fundamental frequency,
modulation of the ABR by the envelope of the voiced parts
of speech, at the characteristic delay and at the fundamental
frequency, achieves a signal-to-noise ratio of 1.3. Because the
response of the auditory brainstem at the fundamental frequency
results from the voiced parts of speech alone, focusing on
those components reduces the noise in a recording. Although
we likewise expect the correlation of the timecourse of the
ABR to the speech envelope to reduce the noise, the resulting
signal-to-noise ratio is below that obtained when modulating
the ABR with the envelope, and even below the signal-to-noise
ratio of the Fourier amplitude. This deficiency likely stems from
the short-time Fourier transformation that is required to extract
the timecourse of the ABR, which can then be correlated to
the envelope. Short-time Fourier transformation has a poor
frequency resolution that varies inversely to the duration of
the time window. The poor frequency resolution renders the
timecourse of the ABR at the fundamental frequency much
noisier than the signal obtained by a Fourier transform over a
longer recording, as we can employ for the envelope-modulated
ABR at the fundamental frequency. The same reasoning applies
to the wavelet transform and can explain why this method also
yields a small signal-to-noise ratio.
The increase of the signal-to-noise ratio by more than a
factor of three through modulation of the brainstem response
by the envelope of the voiced parts of speech can accelerate
auditory-brainstem recordings significantly. According to the
central limit theorem, a longer recording improves the signal-
to-noise ratio in proportion to the square root of the
duration of the recording. Raising the signal-to-noise ratio by
a factor of 3 therefore requires a ninefold longer recording.
Conversely, because the method proposed here increases the
signal-to-noise ratio by more than a factor of 3 through
computational means, we can reduce the recording time by
more than ninefold and still obtain a signal-to-noise ratio
similar to that for the longer recording with a simple Fourier
analysis. Although the additional numerical analysis requires
several layers of computation, all of them can run in real
time.
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Our results on the influence of speech intelligibility on the
ABR differ from previous findings. An earlier study addressed
differences in the ABR to short, repetitive speech signals and
their time-reversed versions and found that forward speech
elicited a stronger response at the fundamental frequency than
did reverse speech (Galbraith et al., 2004). We have observed
the opposite result in response to continuous non-repetitive
speech: forward, intelligible speech yields a smaller ABR at
the fundamental frequency than does reverse, unintelligible
speech. The discrepancy between the two studies may reflect
differences in how the brain responds to many repetitions
of the same short speech signal rather than to a long,
non-repetitive, continuous stream of speech. In particular,
the brain may adapt to many repeated presentations of
the same speech stimulus, an effect that can be avoided
through the non-repetitive speech signal that we have employed
here.
Although forward and reverse speech have the same Fourier
spectrum, the two signals differ phonetically. The manner in
which voiceless consonants transition into voiced components
can differ between the stimuli; owing to nonlinear processing
by the cochlea, this can lead to differences in the brainstem
response (Dau, 2003). However, in our study we have shown
that the ABR at the fundamental frequency results from
the voiced parts of the monotone speech, components that
we expect to be comparable between forward and reverse
speech. Further studies are needed to clarify whether the
differences in phonetical structure between forward and
reverse monotone speech, associated with the transition of
consonants to vowels, cause a difference in the brainstem’s
response.
In this study we have focused on the response at the
fundamental frequency only. However, the brainstem also
responds at higher harmonics, and these neural signals likely
contain information about speech processing as well. Moreover,
empirical mode decomposition such as through the Hilbert-
Huang transform can extract nonlinear oscillations from a time
series, which may be employed to identify nonlinear responses
at the fundamental frequency as well as at higher harmonics
(Huang and Shen, 2005). Investigating these issues will further
clarify the role of the auditory brainstem in speech processing.
ABRs are used routinely to evaluate hearing, specifically
to assess the integrity of the ear and the brainstem. The
results presented here suggest that the ABR to continuous
monotone speech can provide valuable information both about
the integrity of the brainstem and about auditory processing.
Moreover, forward vs. time-reversed speech stimuli have been
used clinically to assess patients in a minimally conscious
state (Schiff et al., 2005). Measuring the envelope-modulated
ABR to forward and to reverse speech may likewise provide
a valuable tool in assessing auditory processing in patients
suffering from disorders of consciousness (Giacino et al.,
2002; Laureys et al., 2004; Schiff, 2010; Goldfine et al.,
2011).
AUTHOR CONTRIBUTIONS
CSR, CB, NDS, AJH and TR designed the research, performed
the experiments, analyzed the data, and prepared the
manuscript.
ACKNOWLEDGMENTS
This research was supported by a National Science Foundation
Graduate Research Fellowship to CSR, by a National Institutes
of Health T32 pre-doctoral training grant to CB, and by
Engineering and Physical Sciences Research Council (EPSRC)
grant EP/M026728/1 as well as Royal Society Research Grant
RG140622 to TR. AJH is an Investigator of Howard Hughes
Medical Institute.
REFERENCES
Aiken, S. J., and Picton, T. W. (2006). Envelope following responses to natural
vowels. Audiol. Neurotol. 11, 213–232. doi: 10.1159/000092589
Anderson, S., and Kraus, N. (2010). Objective neural indices of speech-
in-noise perception. Trends Amplif. 14, 73–83. doi: 10.1177/10847138103
80227
Barbas, H., Bunce, J., and Medalla, M. (2013). ‘‘Prefrontal pathways that control
attention’’ in Principles of Frontal Lobe Function, eds D. T. Stuss and R. T.
Knight (Oxford: Oxford University Press), 31–48.
Benesty, J., Sondhi, M. M., and Huang, Y. (2008). Springer Handbook of Speech
Processing. (Berlin: Springer).
Boersma, P. (2002). Praat, a system for doing phonetics by computer. Glot Int. 5,
341–345.
Brix, R. (1984). The influence of attention on the auditory brain stem
evoked responses preliminary report. Acta. Otolaryngol. 98, 89–92. doi: 10.
3109/00016488409107538
Bushberg, J. T., and Boone, J. M. (2011). The Essential Physics of Medical Imaging.
Philadelphia: Lippincott Williams and Wilkins.
Chandrasekaran, B., and Kraus, N. (2010). The scalp-recorded brainstem response
to speech: Neural origins and plasticity. Psychophysiology 47, 236–246. doi: 10.
1111/j.1469-8986.2009.00928.x
Choi, J. M., Purcell, D. W., Coyne, J. A., and Aiken, S. J. (2013). Envelope
following responses elicited by english sentences. Ear Hear. 34, 637–650.
doi: 10.1097/aud.0b013e31828e4dad
Collet, L., and Duclaux, R. (1986). Auditory brainstem evoked responses and
attention: Contribution to a controversial subject. Acta. Otolaryngol. 101,
439–441. doi: 10.3109/00016488609108629
Connolly, J. F., Aubry, K., Mcgillivary, N., and Scott, D. W. (1989). Human
brainstem auditory evoked potentials fail to provide evidence of efferent
modulation of auditory input during attentional tasks. Psychophysiology 26,
292–303. doi: 10.1111/j.1469-8986.1989.tb01920.x
Dau, T. (2003). The importance of cochlear processing for the formation of
auditory brainstem and frequency following responses. J. Acoust. Soc. Am. 113,
936–950. doi: 10.1121/1.1534833
Deng, S., and Srinivasan, R. (2010). Semantic and acoustic analysis of speech by
functional networks with distinct time scales. Brain Res. 1346, 132–144. doi: 10.
1016/j.brainres.2010.05.027
Deroche, M. L., and Culling, J. F. (2011). Voice segregation by difference in
fundamental frequency: Evidence for harmonic cancellation. J. Acoust. Soc. Am.
130, 2855–2865. doi: 10.1121/1.3643812
Diamond, I., Jones, E., and Powell, T. (1969). The projection of the auditory cortex
upon the diencephalon and brain stem in the cat. Brain Res. 15, 305–340.
doi: 10.1016/0006-8993(69)90160-7
Frontiers in Computational Neuroscience | www.frontiersin.org 9 May 2016 | Volume 10 | Article 47
Reichenbach et al. Auditory-Brainstem Response to Continuous, Non-repetitive Speech
Ding, N., Chatterjee, M., and Simon, J. Z. (2014). Robust cortical entrainment to
the speech envelope relies on the spectro-temporal fine structure. Neuroimage
88, 41–46. doi: 10.1016/j.neuroimage.2013.10.054
Ding, N., and Simon, J. Z. (2012). Emergence of neural encoding of auditory
objects while listening to competing speakers. Proc. Natl. Acad. Sci. USA 109,
11854–11859. doi: 10.1073/pnas.1205381109
Ding, N., and Simon, J. Z. (2014). Cortical entrainment to continuous speech:
functional roles and interpretations. Front. Hum. Neurosci. 8:311. doi: 10.
3389/fnhum.2014.00311
Du, Y., Kong, L., Wang, Q., Wu, X., and Li, L. (2011). Auditory frequency-
following response: A neurophysiological measure for studying the ‘‘cocktail-
party problem’’. Neurosci. Biobehav. Rev. 35, 2046–2057. doi: 10.1016/j.
neubiorev.2011.05.008
Galbraith, G. C. (1994). Two-channel brain-stem frequency-following responses
to pure tone and missing fundamental stimuli. Electroencephal. Clin.
Neurophysiol. 92, 321–330. doi: 10.1016/0168-5597(94)90100-7
Galbraith, G. C., Amaya, E. M., De Rivera, J. M. D., Donan, N. M., Duong, M. T.,
Hsu, J. N., et al. (2004). Brain stem evoked response to forward and reversed
speech in humans. Neuroreport 15, 2057–2060. doi: 10.1097/00001756-
200409150-00012
Galbraith, G. C., Arbagey, P. W., Branski, R., Comerci, N., and Rector, P. M.
(1995). Intelligible speech encoded in the human brain stem frequency-
following response. Neuroreport 6, 2363–2367. doi: 10.1097/00001756-
199511270-00021
Galbraith, G. C., Bhuta, S. M., Choate, A. K., Kitahara, J. M., and Mullen Jr, T. A.
(1998). Brain stem frequency-following response to dichotic vowels during
attention. Neuroreport 9, 1889–1893.
Galbraith, G. C., and Doan, B. Q. (1995). Brainstem frequency-following and
behavioral responses during selective attention to pure tone and missing
fundamental stimuli. Int. J. Psychophys. 19, 203–214. doi: 10.1016/0167-
8760(95)00008-g
Galbraith, G. C., Olfman, D. M., and Huffman, T. M. (2003).
Selective attention affects human brain stem frequency-following
response. Neuroreport 14, 735–738. doi: 10.1097/00001756-200304150-
00015
Giacino, J. T., Ashwal, S., Childs, N., Cranford, R., Jennett, B., Katz, D. I.,
et al. (2002). The minimally conscious state definition and diagnostic criteria.
Neurology 58, 349–353. doi: 10.1212/wnl.58.3.506
Giraud, A.-L., and Poeppel, D. (2012). Cortical oscillations and speech processing:
emerging computational principles and operations.Nat. Neurosci. 15, 511–517.
doi: 10.1038/nn.3063
Goldfine, A. M., Victor, J. D., Conte, M. M., Bardin, J. C., and Schiff, N. D. (2011).
Determination of awareness in patients with severe brain injury using EEG
power spectral analysis. Clin. Neurophysiol. 122, 2157–2168. doi: 10.1016/j.
clinph.2011.03.022
Greenberg, S. (1980). Wpp, no. 52: Temporal neural coding of pitch and
vowel quality. Working Papers in Phonetics, Department of Linguistics,
UCLA
Hall, J. W. (2007). New Handbook of Auditory Evoked Responses. Cambridge:
Pearson.
Hood, L. J. (1998). Clinical Applications of the Auditory Brainstem Response. (San
Diego, CA: Singular publishing group).
Hornickel, J., Knowles, E., and Kraus, N. (2012). Reliability of the auditory
brainstem responses to speech over one year in school-age children: A reply
to Drs. McFarland Cacace. Hear. Res. 287, 3–5. doi: 10.1016/j.heares.2012.
03.014
Horton, C., D’zmura, M., and Srinivasan, R. (2013). Suppression of competing
speech through entrainment of cortical oscillations. J. Neurophysiol. 109,
3082–3093. doi: 10.1152/jn.01026.2012
Howard, M. F., and Poeppel, D. (2010). Discrimination of speech stimuli
based on neuronal response phase patterns depends on acoustics but
not comprehension. J. Neurophysiol. 104, 2500–2511. doi: 10.1152/jn.00251.
2010
Huang, N. E., and Shen, S. S. (2005). Hilbert-Huang Transform and its
Applications. (Singapore: World Scientific).
Ikeda, K., Sekiguchi, T., and Hayashi, A. (2010). Concentrated pitch
discrimination modulates auditory brainstem responses during
contralateral noise exposure. Neuroreport 21, 359–366. doi: 10.1097/WNR.
0b013e328337750f
Jeng, F.-C., Costilow, C. E., Stangherlin, D. P., and Lin, C.-D. (2011). Relative
power of harmonics in human frequency-following responses associated with
voice pitch in american and chinese adults. Percept. Mot. skills 113, 67–86.
doi: 10.2466/10.24.pms.113.4.67-86
Jewett, D. L., Romano, M. N., and Williston, J. S. (1970). Human auditory evoked
potentials: possible brain stem components detected on the scalp. Science 167,
1517–1518. doi: 10.1126/science.167.3924.1517
Krishnan, A., Xu, Y., Gandour, J. T., and Cariani, P. A. (2004). Human frequency-
following response: representation of pitch contours in Chinese tones. Hear.
Res. 189, 1–12. doi: 10.1016/s0378-5955(03)00402-7
Lasky, R. E. (1997). Rate and adaptation effects on the auditory evoked brainstem
response in human newborns and adults. Hear. Res. 111, 165–176. doi: 10.
1016/s0378-5955(97)00106-8
Laureys, S., Owen, A. M., and Schiff, N. D. (2004). Brain function in coma,
vegetative state and related disorders. Lancet Neurol. 3, 537–546. doi: 10.
1016/s1474-4422(04)00852-x
Lehmann, A., and Schönwiesner, M. (2014). Selective attention modulates
human auditory brainstem responses: relative contributions of frequency
and spatial cues. PLoS One 9:e85442. doi: 10.1371/journal.pone.00
85442
Li, X., and Jeng, F.-C. (2011). Noise tolerance in human frequency-following
responses to voice pitch. J. Acoust. Soc. Am. 129, EL21–EL26. doi: 10.1121/1.
3528775
Moulines, E., and Charpentier, F. (1990). Pitch-synchronous waveform processing
techniques for text-to-speech synthesis using diphones. Speech Comm. 9,
453–467. doi: 10.1016/0167-6393(90)90021-z
Mulders, W., and Robertson, D. (2000). Evidence for direct cortical innervation
of medial olivocochlear neurones in rats. Hear. Res. 144, 65–72. doi: 10.
1016/s0378-5955(00)00046-0
Musacchia, G., Sams, M., Skoe, E., and Kraus, N. (2007). Musicians have
enhanced subcortical auditory and audiovisual processing of speech andmusic.
Proc. Natl. Acad. Sci. U. S. A. 104, 15894–15898. doi: 10.1073/pnas.07014
98104
Neupane, A. K., Gururaj, K., Mehta, G., and Sinha, S. K. (2014). Effect of repetition
rate on speech evoked auditory brainstem response in younger andmiddle aged
individuals. Audiol. Res. 4:106. doi: 10.4081/audiores.2014.106
Parbery-Clark, A., Skoe, E., and Kraus, N. (2009). Musical experience limits
the degradative effects of background noise on the neural processing
of sound. J. Neurosci. 29, 14100–14107. doi: 10.1523/jneurosci.3256-09.
2009
Peelle, J. E., Gross, J., and Davis, M. H. (2013). Phase-locked responses to speech in
human auditory cortex are enhanced during comprehension. Cereb. Cort. 23,
1378–1387. doi: 10.1093/cercor/bhs118
Power, A. J., Foxe, J. J., Forde, E. J., Reilly, R. B., and Lalor, E. C. (2012).
At what time is the cocktail party? A late locus of selective attention to
natural speech. Eur. J. Neurosci. 35, 1497–1503. doi: 10.1111/j.1460-9568.2012.
08060.x
Russo, N., Nicol, T., Musacchia, G., and Kraus, N. (2004). Brainstem responses
to speech syllables. Clin. Neurophysiol. 115, 2021–2030. doi: 10.1016/s1388-
2457(04)00144-0
Schiff, N. D. (2010). Recovery of consciousness after brain injury: a
mesocircuit hypothesis. Trends Neurosci. 33, 1–9. doi: 10.1016/j.tins.2009.
11.002
Schiff, N. D., Rodriguez-Moreno, D., Kamal, A., Kim, K., Giacino, J. T.,
Plum, F., et al. (2005). fMRI reveals large-scale network activation in minimally
conscious patients. Neurology 64, 514–523. doi: 10.1212/01.wnl.0000200030.
64810.53
Skoe, E., and Kraus, N. (2010). Auditory brainstem response to complex
sounds: a tutorial. Ear Hear. 31, 302–324. doi: 10.1097/aud.0b013e3181
cdb272
Smith, J. C., Marsh, J. T., and Brown, W. S. (1975). Far-field recorded
frequency-following responses: evidence for the locus of brainstem
sources. Electroencephal. Clin. Neurophysiol. 39, 465–472. doi: 10.1016/0013-
4694(75)90047-4
Sohmer, H., Pratt, H., and Kinarti, R. (1977). Sources of frequency following
responses (FFR) in man. Electroencephalogr. Clin. Neurophysiol. 42, 656–664.
doi: 10.1016/0013-4694(77)90282-6
Sunami, K., Ishii, A., Takano, S., Yamamoto, H., Sakashita, T., Tanaka, M., et al.
(2013). Neural mechanisms of phonemic restoration for speech comprehension
Frontiers in Computational Neuroscience | www.frontiersin.org 10 May 2016 | Volume 10 | Article 47
Reichenbach et al. Auditory-Brainstem Response to Continuous, Non-repetitive Speech
revealed bymagnetoencephalography. Brain Res. 1537, 164–173. doi: 10.1016/j.
brainres.2013.09.010
Weedman, D. L., and Ryugo, D. K. (1996). Projections from auditory cortex to the
cochlear nucleus in rats: synapses on granule cell dendrites. J. Comp. Neurol.
371, 311–324. doi: 10.1002/(sici)1096-9861(19960722)371:2<311::aid-cne10>3.
0.co;2-v
Zion Golumbic, E. M., Ding, N., Bickel, S., Lakatos, P.,
Schevon, C. A., Mckhann, G. M., et al. (2013). Mechanisms
underlying selective neuronal tracking of attended speech at a
‘‘cocktail party’’. Neuron 77, 980–991. doi: 10.1016/j.neuron.2012.
12.037
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2016 Reichenbach, Braiman, Schiff, Hudspeth and Reichenbach. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution and reproduction in other forums
is permitted, provided the original author(s) or licensor are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.
Frontiers in Computational Neuroscience | www.frontiersin.org 11 May 2016 | Volume 10 | Article 47
